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Abstract 
A new analysis technique in combination with a finite element calculation has been introduced to resolve the residual 
stress profile of measurements performed by the hole-drilling method. 
Keywords: Hole-drilling procedure; Composite materials; DIM (drilling integral method); Trigonometric basis functions; 
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1. Introduction 
Among the different echniques used to determine residual stress distributions in machine 
components such as gas turbines, pressure vessels, etc., the semidestructive methods, for example 
the hole-drilling procedure or ring-core method, have been popular and widely used [1-3, 7-12]. 
As the mathematical basis is the same for both methods, the discussion will be restricted to the 
hole-drilling method. A typical application of the hole drilling method involves drilling a small 
blind hole in the specimen. This removal of stressed material causes localised stress and strain 
relaxation around the hole location. The strain relaxations can easily be measured by the use of 
a specially designed strain gage rosette. Fig. 1 summarises the experimental set-up where the hole is 
drilled in incremental steps. One step is typically in the order of 0.1 mm but can be reduced up to 
some microns I-4, 5]. As the strain gage rosette always provides information at the surface as 
a function of depth there is the need to use calibration data in order to resolve the desired stress 
profile as a function of depth. Therefore, in the past, the hole-drilling method has been used when 
the residual stress field was assumed not to vary with depth below the surface. In these cases, 
experimental relaxed strain calibration data from test specimens with known uniform stress fields 
have been used to determine the stress tate as a function of depth. This situation is illustrated in 
the upper part of Fig. 1. Usually a constant external load has been applied to the stress free 
reference specimen. In the past, the "Incremental Strain Method" stress calculation procedure has 
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Fig. 1. Principle of the integral hole drilling analysis. 
been widely adopted I-1, 3-1. This procedure uses a differential form which had first been proposed 
by Wolf 1,12]. 
2. Incremental  strain method 
It is assumed that the stress profile is proportional to Young's modulus, to 1/K and to the 
derivatives of the measured surface strains. The calibration functions K 1 and K2 take into account 
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all geometric and material-dependent properties uch as hole diameter and location of the strain 
gage rosette with respect o the hole location. They are determined on a stress free reference 
specimen which is loaded by an external constant load sigma. For each incremental step, the 
calibration curves are determined by Eqs. (1) and (2) where exx represents he strains in the direction 
of the applied load and e ,  the corresponding values in the perpendicular direction. The material- 
dependent properties are described by Young's modulus E and Poisson's ratio v which represents 
the transversal contraction. 
Following the arguments of superposition of strain states, it is possible to determine the 
equations of a biaxial stress state. In general, the residual stress state will be a triaxial one, with 
a conventional strain gage rosette, however, only biaxial states can be resolved. 
de 1 
d---z = -E K (z)a(z), (1) 
KI(Z ) _ E dexx E derr (2) 
trl dz '  K2(z ) -  -va----~ d--T' 
al is the applied uniaxial oad stress and v is the Poisson's ratio. 
E [ dea debl, 
aa(z) - K~ -- v2K~ K,  -~z + vK2 --~z.J 
E [ de b deal , 
ab(Z) -- K~ -- v2K~ K,  -~z + vK2 dz J (3) 
E [ dec (de. deoll 
ac(Z) - K~ - -v2K~ K,  -~z + vK2 \ dz + dz dz }.]" 
This differential formulation requires the need to differentiate both the calibration data exx, eyy as 
well as the residual strains Ca. b.c. This, however, is problematical because xperimental data always 
scatter to some extent and the numerical procedures used to differentiate data always amplify the 
scattering behaviour. In addition, when solving the above equations it is possible that the 
denominator becomes zero which restricts the reliability of this technique considerably. It is well 
known that these numerical instabilities can always be observed at a drilling depth which 
corresponds to about 50% of the hole diameter. This means that if a drill with 2 mm diameter is
used, a stress profile of only up to about 1 mm can be calculated although the drilling depth can be 
of some millimetres. Furthermore, the need to use experimental calibration data has limited the 
theoretical scope of the stress calculation procedures. Thus, finite element calculations of calib- 
ration data open up new possibilities. In practice, stress-free reference specimens are usually not 
available, especially not for composite materials because of their different hermal expansion 
coefficients. 
3. Finite element approximation 
A symmetric specimen has been modelled and loaded with different stress distributions along 
the height. The specimen has been approximated by three-dimensional 8-node isoparametric 
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Fig. 2. Snap shot of the FE-model. A quarter of the hole is modelled with 25 elements. The position of the strain gages is 
indicated with a squared pattern. 
hexahedrons. The element dimensions have been chosen in such a way that some nodes are placed 
within the location of the strain gage. The situation is shown in Fig. 2. Due to reasons of symmetry, 
only a quarter of the model needs to be considered. The location of the rosette is indicated by 
a squared pattern. A quarter of the hole is approximated by 25 elements. The hole drilling 
procedure is simulated by removing the influence of the corresponding 25 elements to the stiffness 
matrix in each incremental step. The subdivision of the elements in the z-direction depends on the 
resolution required which can vary between 0.1 mm and 1 ~tm. The FE calculation provides a tailor 
made solution for the calibration data for a specially designed strain gage rosette. Nevertheless, the 
disadvantages of the conventional nalysis techniques hold. Therefore, a new integral method has 
been developed which avoids all earlier problems. 
4. New integral method 
The Incremental Strain Method involves the measuring of the strain relaxations after successive 
small increments of hole depth. The stresses which have originally existed within each hole depth 
increment are then calculated on the assumption that the incremental strain relaxations are wholly 
due to the stresses that have existed within that depth increment. This assumption is not valid. 
After the first hole depth increment, subsequent s rain relaxations combine the effect of the stresses 
within the new hole depth increment with the effect of the change in hole geometry. In order to 
avoid the theoretical shortcomings ofthe Incremental Strain Method, several new approaches have 
been introduced by some authors which have been summarised by Schajer [7] and Flaman [2]. 
Schajer has already considered an Integral Method. In his formulation, however, there is need to 
construct a numerical influence coefficient matrix in order to describe a non-uniform stress state. 
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This procedure requires acertain knowledge of the stress tate which one is interested in. Therefore, 
a new formalism has been introduced which requires no a priori knowledge of the stress state. 
The measured strain relaxation e(z), due to drilling a hole of depth h, is the integral of the 
infinitesimal strain relaxation components from the stresses at all depths in the range (0 ~< h ~< z). 
l f l  e (z) = ~ K (h, z) a (h) dh, 0 ~< h ~< z. (4) 
K (h, z) is a strain relaxation (calibration data) which is caused by a stress at depth h, when the hole 
depth is z. The total strain relaxation ow depends on the stress state of the previous depth 
increments. The calibration data which again involve the influence of material dependent proper- 
ties and geometric arrangements are provided by a finite element calculation. Now we deal with the 
so-called inverse problem because the stress profile is hidden behind the integral equation. 
Therefore, it is assumed that the stress profile can be described by a series of trigonometric basis 
functions which read as follows: 
k 
ao a,,b,c(z) =-~ + ~ (amcos(pmz) + bmsin(pmz)). (5) 
m=l  
The parameters am and bm are treated as independent adjustable parameters and p is the period of 
the data set. Using the technique of integration by parts it is possible to shift the derivatives from 
the calibration strains to the stress profile. The integral equation can then be rearranged in a linear 
system of equations for the independent parameters am and bin. Due to integration by parts, an 
integration over the calibration data must be performed. This step is done numerically using 
Simpson's rule. 
f  xx(z)a'o(z)dz + f 
f  .(z)a'o(z)dz + f 
f + f 
+ ~xx(z)ab(z) - f ~xx(z)a;(z)dz - ~r,(z)a~(z) + f ~rr(z)a'~(z)dz. 
(6) 
The solution of the above system of equations i not trivial because inverse problems tend to show 
a singular behaviour. Therefore, direct method such as the GauB elimination fail to yield satisfac- 
tory results. The technique known as the singular value decomposition or SVD is the method we 
have chosen [6]. This method gives numerically stable results. The number of basic functions 
depends, of course, on the number of available data points. The analysis of strongly pronounced 
nonuniform stress profiles showed, however, that a maximum number of about 12 terms is almost 
enough. In Figs. 3-5 the application of the new method to a sandwich type material is demon- 
strated, the basic features of the FE-model are summarised in Table 1. 
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Table 1 
Parameters of the FE-model 
Elements: 
Total number of nodes 
Total number of elements 
Optimised profile of matrix (Cuthill, McKee) 
Depth increment 
Number of increments 
Total thickness 
Young's modulus from bottom to top 
Poisson's ratio 
Hole diameter 
Strain gage length 
Three-dimensional 8-node hexahedrons, i oparametric 
10752 
9225 
26 834220 bytes 
0.05 mm 
37 
7 mm 
210 GPa 0.0-6.15 mm 
60GPa 6.15-6.25 mm 
50GPa 6.25-7 mm 
0.3 (assumed) 
1.9 mm 
1.57 mm 
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Fig. 3. Residual strains in lam/m versus drilling depth below the surface in mm. The ordering from top to bottom 
corresponds to the directions a, b and c which are explained in Fig. 1. 
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Fig. 4. Calibration strains in ~tm/m from a finite-element calculation versus drilling depth in mm. The FE-model was 
loaded with a constant load of 100 MPa in the direction xx. The ordering from bottom to top corresponds toeps_xx, 
eps_xy and eps_yy. 
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Fig. 5. Residual stress profile in MPa as a function of the drilling depth in mm. 
The FE-calibration data in Fig. 4 already involve all material dependent properties of the 
laminated structure which consists of steel with a ceramic (A1203) layer on top. The hole has been 
drilled up to a depth of 1.8 mm. The new integral method predicts a compressive stress at the 
surface which is an indication of an adhesive strength which was desired. 
5. Conclusions 
Finite element calculations are a simple and rapid alternative to provide calibration data for the 
hole-drilling method in comparison to experiments. Experimental calibration data are difficult to 
obtain and they are time-consuming and expensive. They require, in any case, a stress-free r ference 
material which is not always available specially not when investigating laminated or composite 
structures. Therefore, calibration data of these sandwich-type materials which display different 
mechanical properties are only accessible via finite element calculations. 
The introduction of a new integral analysis technique avoids all disadvantages of the widely used 
conventional Incremental Strain Method. There is no need to differentiate both, calibration and 
measured ata. The stress profile is calculated up to the maximum drilling depth. Because of the 
formulation as an inverse problem, no numerical instabilities have been observed which would 
limit the range of reliability. In contrast o the conventional method, for the solution of the linear 
system for the stresses no material dependent parameters are further equired. They have already 
been involved in the FE-calculation, even for laminated structures. However, for composite 
materials, the differential solution in Eq. (3) requires in any case the z-dependent elastic constants 
for the different layers. The influence and sensitivity of strain gage rosettes from different manufac- 
turers can be exactly considered by a tailor made finite element calculation. The most important 
parameters are the average over of the strain gage length, the hole diameter and the location of the 
strain gage with respect o the hole. Thus, FE-calculations in connection with the new integral 
analysis technique will provide a powerful tool in residual stress determination. A computer code is 
available. 
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